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T r a d i t i o n a l l y ,  p r e c i s i o n  f requency  measurements and l i f e t i m e  
measurements have provided numerous and s t r i n g e n t  tests o f  p h y s i c a l  
p r i n c i p l e s .  Two of t h e  impor tan t  merits o f  t rapped  ions  f o r  p r e c i s i o n  
frequency spec t roscopy and l i f e t i m e  measurements a r e  long confinement 
times and a g e n t l e ,  h igh ly  non-pe r tu rba t ive  environment.  P r e s e n t  
exper iments  g ive  t h e  f i r s t  g l impse  of t h e  deep r e s e r v o i r  o f  p r e c i s i o n  
spec t roscop ic  i n v e s t i g a t i o n s  p o s s i b l e  wi th  s t o r e d  ions .  Examples inc lude  
t h e  g-2 experiment t h a t  y i e l d s  t h e  h i g h e s t  p r e c i s i o n  y e t  ob ta ined  In 
fundamental  tests o f  QED [ l ] , a n d  t h e  measurement of t h e  e l e c t r o n  t o  pro ton  
mass r a t i o  t o  an accuracy  o f  0.04 ppm [21. I n  o t h e r  exper iments ,  t r apped  
ions  are r a d i a t i v e l y  cooled t o  tempera tures  below 0.1K C3-51. Th i s  
d i r e c t l y  reduces  Doppler e f f e c t s  t o  a l l  o r d e r s  and thereby  enhances 
r e s o l u t i o n  and p r e c i s i o n  in  t h e  method of t rapped  ion spec t roscopy.  
Furthermore,  because t h e  r a d i a t i o n  of t h e  laser used f o r  c o o l i n g  is 
u s u a l l y  tuned t o  near  resonance  with a h igh ly  allowed t r a n s i t i o n  in  o r d e r  
t o  f a c i l i t a t e  e f f i c i e n t  coo l ing ,  many photons per  second pe r  ion  a r e  
s c a t t e r e d ;  t h e  h igh  r a t e  of s c a t t e r e d  photons provides  a powerful scheme 
no t  only t o  d e t e c t  ions  bu t  a l s o  t o  d e t e c t  atomic t r a n s i t i o n s  t o  
me tas t ab le  s t a t e s  by t h e  method o f  double resonance [6 ,71 .  T h i s  method 
can g i v e  u n i t  d e t e c t i o n  e f f i c i e n c y  o r ,  e q u i v a l e n t l y ,  a s igna l - to -no i se  
(S/N) r a t i o  l i m i t e d  only by t h e  q u a n t u m - s t a t i s t i c a l  f l u c t u a t i o n  i n  t h e  
number of ions  t h a t  make t h e  t r a n s i t i o n  and n o t  by d e t e c t i o n  s o l i d  a n g l e ,  
d e t e c t o r  quantum e f f i c i e n c y ,  etc.  [81. Th i s  is t h e  maximum SIN r a t i o  
p o s s i b l e .  We f u r t h e r  no te  t h a t  t h i s  h igh ly  e f f i c i e n t  d e t e c t o r  of an 
atomic t r a n s i t i o n  works even i f  t h e  cyc l ing /coo l ing  t r a n s i t i o n  and t h e  
t r a n s i t i o n  t o  t h e  me tas t ab le  s t a t e  s h a r e  no common l e v e l  [91. With t h e  
con t inua l  and r ap id  matura t ion  of l a s e r  cooled ,  s t o r e d  ion  spec t roscopy ,  
t h e r e  has  come a f l u r r y  of a c t i v i t y .  Examples inc lude  a 300 f o l d  
improvement i n  t h e  limits f o r  s p a t i a l  an i so t ropy  by us ing  l a s e r  coo led ,  
e l ec t romagne t i ca l ly  t rapped  9Be+ ions  [ l o ] ,  a l a s e r  cooled atomic 
frequency s t anda rd  wi th  an accuracy comparable t o  t h e  b e s t  cesium beam 
atomic f requency  s t a n d a r d s  C111, a demonst ra t ion  of s t r o n g  coupl ing  i n  a 
smal l  cloud of l a s e r  compressed and l a s e r  cooled  i o n s  [12] ,  and a p r e c i s e  
measurement of t h e  e l ec t ron - to -p ro ton  mass r a t i o  C131. In  t h i s  paper we 
d e s c r i b e  some of t h e  f i r s t  r e s u l t s  ob ta ined  i n  ou r  s tudy  of t h e  Doppler- 
f r e e ,  two-photon 5d’O 6 s  2S1 /2  - 5d9 6s2 2 D < / 2  t r a n s i t i o n  in  s i n g l y  
ion ized  mercury s t o r e d  i n  a min ia tu re  r f  t r a p  [ 1 4 ] .  

A c r o s s - s e c t i o n a l  view of t h e  t r a p  e l e c t r o d e s  is shown in  Fig.  1 .  I n  
c o n t r a s t  t o  t h e  customary hype rbo l i c  s u r f a c e s  which produce a 
harmonic p o t e n t i a l  nea r ly  everywhere in  t h e  t r a p  volume, our  t r a p  was 

Work of t h e  US Government, no t  s u b j e c t  t o  US copyr igh t .  
*Presen t  addres s :  A l l i ed  Bendix Aerospace Corpora t ion ,  Columbia, MD 
t P r e s e n t  addres s :  Sp r inge r  Verlag,  Heide lberg ,  West Germany 
t tHe i senbe rg  Fellow of t h e  Deutsche Forschungsgemeinschaft .  P re sen t  
addres s :  Max Planck I n s t i t u t e  f u r  Quantenoptik,  Garching, West Germany 

6 



path 

Fig .  1 .  Schematic showing 
c r o s s - s e c t i o n  view of t r a p  
e l e c t r o d e s .  The e l e c t r o d e s  
a r e  f i g u r e s  of r e v o l u t i o n  
about t h e  z -ax i s  and a r e  
made from molybdenum. 

machined with s i m p l e  c o n i c a l  c u t s .  However, t h e  t r a p  dimensions and 
ang le s  were chosen t o  make t h e  f o u r t h  and s i x t h  o r d e r  anharmonic terms in 
t h e  t r app ing  p o t e n t i a l  van i sh  [151. For p r a c t i c a l  purposes ,  t hen ,  t h e  
p o t e n t i a l  was harmonic i n  t h e  c e n t r a l  volume of t h e  t r a p .  Trapping was 
obta ined  by d r i v i n g  t h e  e l e c t r o d e s  with an o s c i l l a t i n g  e l e c t r i c  f i e l d  with 
a vo l t age  ampl i tude  Vo 5 1 kV and a frequency nea r  21 MHz. 
housed i n  a vacuum v e s s e l  which was baked and pumped o u t  t a p a r t i a l  
p re s su re  of background g a s  S 
admi t ted  i n t o  t h e  vacuum v e s s e l  and crossed  by a low c u r r e n t  e l e c t r o n  beam 
near  t r a p  c e n t e r  i n  o rde r  t o  produce t h e  t rapped  mercury ions .  Af t e r  
loading  50-200 i o n s , t h e  mercury vapor was f rozen  o u t  i n  a l i q u i d  n i t r o g e n  
co ld  t r a p  and t h e  system was back- f i l l ed  with about Pa of dry  helium. 
The helium b u f f e r  gas  was used t o  c o l l i s i o n a l l y  coo l  t h e  mercury ions  t o  
near  room tempera ture .  

The 5d1° 6 s  2S1 /2  - 5d9 6s2  2 D 5 / 2  t r a n s i t i o n ,  d r iven  by two photons 
w i t h  a wavelength near  563nm, was de tec t ed  by t h e  very s e n s i t i v e  o p t i c a l  
double resonance  scheme noted above. About 5 LIW of narrowband, cw, 
sum-frequency-generated r a d i a t i o n  near  194 nm C161 was focused through t h e  
t r a p  between t h e  r i n g  e l e c t r o d e s  and t h e  endcaps. The beam w a i s t ,  w o ,  was 
approximately 25 um and l o c a t e d  near  t r a p  c e n t e r .  The frequency of t h e  
194 nm r a d i a t i o n  was tuned i n t o  co inc idence  w i t h  t h e  6 s  2S,, /2 - 6p 2 P , / 2  
f i r s t  resonance t r a n s i t i o n .  The photons s c a t t e r e d  by t h e  ions  i n t o  a 
small  s o l i d  angle  pe rpend icu la r  t o  t h e  194 nm beam were de t ec t ed  and 
recorded. Re jec t ion  of s t r a y  photons s c a t t e r e d  e l sewhere  in  the  system 
was achieved by means of a s i n g l e  s p a t i a l  f i l t e r  placed in  t h e  c o l l e c t i o n  
channel a t  t h e  image of t h e  ion  c loud .  The o v e r a l l  d e t e c t i o n  e f f i c i e n c y  
inc luding  s o l i d  a n g l e ,  eo  l e c t i o n  o p t i c s ,  f i l t e r  and pho tomul t ip l i e r  
s e n s i t i v i t y  was about lo-'. The s i g n a l  l e v e l  was t y p i c a l l y  2-10 x l o 3  
coun t s / s  and t h e  s i g n a l  t o  background l e v e l  was b e t t e r  t han  1011. When 
the  ions  were d r iven  o u t  of t h e  'S1,/* ground s t a t e  i n t o  t h e  metas tab le  
2 D 5 / 2  s t a t e ,  t h e r e  was a dec rease  in t h e  194 nm f luo rescence  cor responding  
to  the  number of i ons  i n  t h e  D s t a t e .  

563 nm was coupled through a s i n g l e  mode f i b e r  and mode matched i n t o  a 
near concen t r i c  c a v i t y  p laced  around t h e  r f  t r a p .  The r e l a t i v e  p o s i t i o n  
of t he  c a v i t y  and t h e  t r a p  was ad jus t ed  so t h a t  t h e  c a v i t y  beam wa i s t  ( w o  
2 30I" was l o c a t e d  near  t h e  c e n t e r  o f  t h e  cloud o f  trapped ions .  
axes of t h e  563 nm beam, t h e  194 nm beam and t h e  c o l l e c t i o n  o p t i c s  were 
mutually pe rpend icu la r .  The  c a v i t y  enhanced t h e  one way power of t h e  563 
nm r a d i a t i o n  by about a f a c t o r  of f i f t y , t o  g i v e  n e a r l y  5 W of c i r c u l a t i n g  
Power. Add i t iona l ly ,  t h e  h igh  f i n e s s e  of t h e  c a v i t y  b e t t e r  ensured nea r ly  
equal i n t e n s i t y  counter -propagat ing  beams.which a r e  necessary  f o r  h igh -  

The t r a p  was 

Pa. A small amount of '"Fig was 

About 100 mW o f  t h e  ou tpu t  from a cw r i n g  dye l a s e r  o s c i l l a t i n g  near  

The 
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F ig .  2 .  Two-photon S -'D 
harmonlc s e c u l a r  motiaX20f ?de i o n s  a r e  v i s i b l e  i n  t h i s  s can .  "he frequency scan  is 
4 MHz a t  t h e  fundamental  l a s e r  f requency ( h  p 563 nm). The dep th  of t h e  c e n t r a l  com- 
ponent  i s  abou t  25% of f u l l  s c a l e .  The i p b g q r p t i o n  t i m e  i s  2 s / p o i n t .  I n  t h e  i n s e t  
1 s  a s i m p l i f i e d  ene rgy- l eve l  diagram of H q  , d e p i c t i n g  t h e  l e v e l s  o f  l n t e r e s t .  

t r a n s i t i o n  i n  ''*Hg+. AM s idebands  caused by t h e  

r e s o l u t i o n  Doppler-free two-photon spec t roscopy.  The l i n e w i d t h  of t h e  
r i n g  dye l a s e r  i n  t h e s e  p re l imina ry  exper iments  was of t h e  o r d e r  o f  300 
kHz. The frequency of t h e  l a s e r  was o f f s e t  locked and p r e c i s e l y  scanned 
w i t h  r e s p e c t  t o  a second s t a b i l i z e d  r i n g  dye l a s e r  t h a t  was locked t o  a 
h e r f i n e  component i n  t h e  Doppler-free s a t u r a t e d  abso rp t ion  spectrum of 

2 '  
1 3?fI 

A 4 MHz scan  of t h e  frequency of t h e  dye l a s e r  through t h e  two-photon 
resonance  is shown i n  F ig .  2. A l s o  inc luded  i n  Fig.  2 is a s i m p l i f i e d  
energy- leve l  diagram showing t h e  p e r t i n e n t  o p t i c a l  l e v e l s  i n  Hg'. A small 
magnetic f i e l d  of approximate ly  11.6 x T(11 .6 G )  which d i f f e r e n t i a l l y  
Zeeman s p l i t s  t h e  ground and e x c i t e d  s ta tes ,  was app l i ed  by means of a 
p a i r  of Helmholtz c o i l s  p laced  around t h e  t r a p ,  The e l e c t r i c  f i e l d  vec to r  
of t he  l i n e a r l y  p o l a r i z e d  563 nm l a s e r  is o r i e n t e d  p a r a l l e l  t o  t h i s  f i e l d .  
The s e l e c t i o n  r u l e  far t h e  two-photon t r a n s i t i o n  f o r  t h i s  p o l a r i z a t i o n  is 
A m J  = 0 ,  and, t h u s ,  only two Zeeman components a r e  expec ted ,  s epa ra t ed  by 
approximately 13  MHz (approximate ly  6.5 MHz a t  t h e  dye l a s e r  f r equency) .  
I n  Fig.  2 ,  we scanned over  only one of t h e s e  components (m, = -1/2 emJ = 
-112) bu t  saw sideband s t r u c t u r e .  Th i s  s t r u c t u r e  is due t o  ampl i tude  
modulation ( A M )  o f  t h e  563 nm l a s e r  i n t e n s i t y  due t o  t h e  harmonic s e c u l a r  
motion of t h e  ions  i n  t h e  Pf t r ap ,wh ich  c a r r i e s  t h e  ions  back and f o r t h  
through t h e  l a s e r  beam. Recall t h a t  t h e  563 nm wa i s t  is about  30 u m  
whereas t h e  ion  cloud volume is c h a r a c t e r i z e d  by a l i n e a r  e x t e n t  of about 
60um. We no te  t h a t  any frequency modulation (FM) of t h e  laser caused by 
t h e  motion of t h e  ions  C171 is s t r o n g l y  suppressed  i f  t h e  c a v i t y  is well 
a l i g n e d . s o  t h a t  t h e  k-vec tors  of t h e  coun te r  running  l i g h t  beams a r e  
a n t i - p a r a l l e l .  By changing t h e  well depth  of t h e  t r a p ,  t h e  harmonic 
f requency  of t h e  s e c u l a r  motion was changed , thereby  s h i f t i n g  t h e  sideband 
components on t h e  two-photon s i g n a l .  To our  knowledge, t h i s  is t h e  f i r s t  
obse rva t ion  of s e c u l a r  motion s idebands  a t  o p t i c a l  f r equenc ie s .  The depth  
of t h e  c e n t r a l  f e a t u r e  in  F ig .  2 is nea r ly  25% of f u l l  s ca l e . imp ly ing  t h a t  
we have n e a r l y  s a t u r a t e d  t h e  s t r o n g l y  fo rb idden  two-photon t r a n s i t i o n .  
For t h e  d a t a  o f  F ig .  2. t h e  194 nm l a s e r  i r r a d i a t e d  t h e  i o n s  con t inuous ly .  
The l i newid th  of t h e  two-photon resonance  is about  420 kHz, and is 
determined i n  nea r ly  equal  p a r t s  by t h e  563 nm l a s e r  l i newid th  of about 
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320 kHz and by t h e  nea r ly  270 kHz e x c i t a t i o n  rate of t h e  2S1,2 s t a t e  by 
t h e  194 nm r a d i a t i o n .  When t h e  194  nm r a d i a t i o n  is chopped, t h e  two-photon 
l i newid th  drops  t o  approximate ly  320 kHz. 

In  t h e  nea r  f u t u r e  we a n t i c i p a t e  narrowing t h e  563 nm l a s e r  l i newid th  
to  t h e  o r d e r  of a few kHz and s tudy ing  v a r i o u s  sys t ema t i c  e f f e c t s  
i nc lud ing  p r e s s u r e  broadening and s h i f t s ,  power broadening ,  and l i g h t  
s h i f t s .  U l t ima te ly ,  we would l i k e  t o  narrow t h e  l a s e r  l i newid th  t o  a 
va lue  nea r  t h a t  imposed by t h e  0.1 s n a t u r a l  l i f e t i m e  of t h e  D s t a t e ,  and 
t o  d r i v e  t h e  two-photon (o r  s i n g l e  photon, e l e c t r i c  quadrupole [ 8 ] )  
t r a n s i t i o n  on a s i n g l e ,  l aser -cooled  ion. 
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